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1.0 INTRODUCTION 

The bui ld-up o f  ash deposi t  l aye rs  on tube wa l l s  and superheaters i n  dry  
bo t tom p . f .  b o i l e r  combustion chambers n o t  o n l y  d e t e r i o r a t e s  furnace and 
ove ra l l  b o i l e r  e f f i c i ency ,  bu t  increases the temperature l e v e l  i n  furnace and 
c o n v e c t i v e  passages and aggravates e x i s t i n g  d e p o s i t  problems. This can 
f i n a l l y  lead t o  expensive outages when deposit formation cannot be c o n t r o l l e d  
by s o o t  b low ing  a lone.  S ince e r r o r s  i n  f u r n a c e  des ign  w i th  r e s p e c t  t o  
s l a g g i n g  and f o u l i n g  o r  wrong e s t i m a t i o n  o f  impac t  o f  f u e l  conversion on 
d e p o s i t  f o rma t ion  a r e  so c o s t l y  i n  l a r g e  b o i l e r s ,  t h e r e  i s  considerable 
f i n a n c i a l  i ncen t i ve  t o  develop a n a l y t i c a l  methods i n  order t o  p r e d i c t  furnace 
performance f o r  a wide range of coal types and operating condi t ions.  It i s  
c l e a r  t h a t  such methods must take q u a n t i t a t i v e l y  i n t o  account, among other  
things, the thermal proper t ies o f  ash deposits. 

The p r o p e r t i e s  which determine heat t r a n s f e r  through a deposi t  l a y e r  o f  
g i v e n  thickness are thermal conduct iv i ty ,  emiss iv i ty ,  and abso rp t i v i t y .  The 
c u r r e n t  paper p resen ts  r e s u l t s  f rom v a r i o u s  s t u d i e s  c a r r i e d  o u t  by  t h e  
au tho rs  a t  Energy and Environmental Research Corporation (EER) t o  show the 
s e n s i t i v i t y  o f  o v e r a l l  furnace performance, l o c a l  temperature and heat f l u x  
d i s t r i b u t i o n s  on the p roper t i es  o f  deposits i n  l a r g e  p.f. f i r e d  furnaces. 

2.0 PARAMETRIC STUDY OF OVERALL FURNACE PERFORMANCE 

The most i m p o r t a n t  parameters f o r  ove ra l l  furnace heat absorption are 
t h e  a d i a b a t i c  f l ame temperature, the f i r i n g  densi ty  per heat s ink area, the 
e m i s s i v i t y  o f  t h e  fu rnace  volume, temperature and e m i s s i v i t y  of the heat  
s i n k s  and the  f l o w  and h e a t  r e l e a s e  p a t t e r n s .  F i g u r e  1 shows how these 
q u a n t i t i e s  a r e  r e l a t e d  i n  a comp lex  manner  t o  each o t h e r ,  t o  f u e l  
c h a r a c t e r i s t i c s  and t o  o p e r a t i n g  and boundary cond i t i ons  o f  the furnace. 
Some of the re la t i onsh ips  o f  F igure 1 were approximately q u a n t i f i e d  u t i l i z i n g  
a s imp le  w e l l - s t i r r e d  f u r n a c e  model (1) which assumed t r a n s p o r t  o f  grey 
r a d i a t i o n .  Two i m p o r t a n t  r e s u l t s  f o r  furnace performance w i t h  respect  t o  
f o r m a t i o n  o f  d e p o s l t s  a re  shown i n  F i g u r e s  2 and 3, I n  wh ich  f u r n a c e  
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l i s t e d  i n  the Figures. The grey absorption c o e f f i c i e n t  Ka o f  0.1 l / m  used i n  
the examples corresponds t o  an emiss i v i t y  ef = 0.55 f o r  a furnace volume w i th  
a he ight  o f  L = 30m. The e f f e c t  o f  deposit surface temperature Tw on furnace 
e f f i c i e n c y  qf i s  c o n s i d e r a b l e  f o r  va lues  l a r g e r  than 700 K (Fig. 2 ) .  For 
i n s t a n c e  a f u r n a c e  e f f i c i e n c y  o f  0.40 ( c o r r e s p o n d i n g  t o  Tex = 1440 K 
a c c o r d i n g  t o  Equa t ion  1) was obtained f o r  Tw = 700 K (see Section 3 and 4). 
The L must be i n c r e a s e d  b y  16.5m o r  53% o f  t he  o r i g i n a l  he ight  w i t h  clean 
w a l l s  t o  achieve the same furnace e f f i c i e n c y  f o r  a furnace with wa l l  deposit 
o f  surface temperature 1300 K.* The impact o f  wa l l  temperature on I]f w i l l  be 
even s t r o n g e r  f o r  a d i a b a t i c  f lame tempera tu res  l e s s  than  2200 K. Such 
a d i a b a t i c  f l a m e  temperatures can occur when f i r i n g  l i g n i t e  o r  high-moisture 
c o a l s .  F o r  f u r n a c e s  o p e r a t e d  w i t h  t h e  same t h e r m a l  i n p u t  a t  l o w  
e f f i c i enc ies ,  the presence o f  wal l  deposits requi res on ly  a moderate increase 
i n  size. 

A r e d u c t i o n  o f  surface emiss i v i t f es  from 1 (clean "sooty" wa l l s )  t o  0.4 
(wh ich  i s  t h e  l o w e s t  range r e p o r t e d  f o r  ash deposits (see Section 3 )  also 
causes a d rop  o f  I ] f  ( F i g .  2 ) .  However, t h e  r e q u f r e d  increase i n  s i ze  t o  
m a i n t a i n  ?If i s  s m a l l e r  t h a n  f o r  the change o f  deposi t  surface temperatures 
f r o m  700 K t o  1300 K ment ioned above. The s i z e  changes non- l inear  wi th  
changes o f  surface temperature but  near ly  l i n e a r l y  w i t h  between .sW = 1 and 

= 0.5. Beyond = 0.2, L must increase non- l i nea r l y  t o  maintain furnace 
e f f i c i e n c y  . 

When a d e p o s i t  l a y e r  i s  formed, s u r f a c e  temperature i s  increased and 
wa l l  em iss i v i t y  decreased. However, t he  superposi t ion o f  these e f f e c t s  on qf 
i s  l e s s  than a pure sumnation; since, by decreasing eW, the ne t  heat f l u x  t o  
the l aye r  i s  reduced, thus r e t a r d i n g  the increase o f  surface temperature t o  a 
c e r t a i  n extent. 

3.0 AVAILABLE DATA OF THERMAL PROPERTIES OF 
ASH DEPOSITS AND DATA ANALYSIS 

Thermal C o n d u c t i v i t y .  A comprehensive review o f  l i t e r a t u r e  data fo r  
thermal  c o n a u c t i  v i  ty I( o f  ash d e p o s i t s  was published by Wall e t  a l .  ( 2 ) .  
The thermal conductance, k, o f  t h e  ash mater ia l  increases r e v e r s i b l y  wi th  
temperature u n t i l  s i n t e r i n g  o r  f u s i o n  occurs. A t  t h i s  stage, a r a p i d  and 
i r r e v e r s i b l e  increase o f  k i s  observed. Typical values o f  k f o r  non-sintered 
deposits from Aus t ra l i an  coals  i n  actual  furnaces vary between 0.1 10-3 KW/mK 
a t  500 K up t o  0.4 10-3 KW/mK a t  1300 K. The fac to rs  c o n t r i b u t i n g  t o  the 
thermal  conductance i n  the powdered deposits are: Conductance i n  the s o l i d  
p a r t i c l e s .  gas c o n d u c t i o n  I n  the v o i d s  and r a d i a t i v e  t r a n s f e r  through the 
vo ids .  F e t t e r s  e t  a l .  recen t l y  measured k f o r  b o i l e r  deposits o f  an Indiana 
Coal ( 3 )  and p o i n t  o u t  t h a t  t h e  dominant mode o f  heat t r a s f e r  through the 
d e p o s i t  l a y e r  i s  by r a d i a t i o n  a t  h igh temperature. The values o f  k measured 
fo r  powdery deposits by Fe t te rs  e t  a l .  are about 2 t imes l a r g e r  than those of 
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4 
Wall e t  al .  (2) a t  the same temperature. This is contributed t o  the relative 

I l a r g e  p a r t i c l e  s i z e s  of the Indiana coal ash (75% i n  the  1OOPm. range) 
compared t o  the  Australian coal ash w i t h  mean weight particle diameters Of 
5qUm and less. 

Thermal c o n d u c t i v i t y  of s in t e red  and fused depos i t s  found by the 
Australian researchers range from 0.5 10-3 KW/ mK a t  800 K t o  1.2 KW/mK 
a t  1500 K .  T h i s  i s  cons i s t en t  w i t h  the recent findings of Fetters e t  a l .  
( 3 )  f o r  crushed depos i t s  from a bo i l e r  f i r e d  w i t h  Indiana coal and other 
l i t e r a t u r e  values ( 4 ) .  The increase of thermal conductivi'ty of sintered and 
fused deposits i s  due t o  a decrease of void space and  increased trans- 
missivity of the material. Assuming uniform mean conductivity, the thickness 
of a s in t e red  depos i t  l ayer  which maintains fusion a t  i t s  surface can be 
estimated by 

where T f u  i s  the a s h  fusion temperature, T t  a the temperature of the outer 
sur face  of the  tubes and q i n  the incident h e a t  flux density. W i t h  typical 
values k = 0.8 10-3 KW/mK, Tfu = 1550 K ,  EW = 0.7, T t , a  = 750 K and q * n  = 400 
KW/m2 the layer thickness w i t h  a wet surface would be about 8 mn. Wall e t  a l .  
emphasize t h a t  values of k obtained from g r o u n d  depos i t s  i n  labora tory  
s tud ie s  a re  questionable since bounding of the deposit occurs i n  s i tu which 
leads t o  an increase of k .  This agrees w i t h  our results for  a 700 MWe boiler 
which yielded an overall value of k = 3.2 KW/m2K for deposits which could not 
be removed by soot blowing (see Section 41. 

Emissivity and Absorptivity 

Reviews of emissivity data of ash deposits were given by Wall e t  al .  
( 2 )  and recent ly  by Becker ( 5 ) .  The l i t e r a t u r e  data has a considerable 
spread of emiss iv i ty ,  between values of E,,, = 0.9 and eW = 0.3 depending on 
temperatures, ash origin and probe preparation. However, general agreement 
e x i s t s  t h a t ,  f o r  non-sintered material eW decreases reversibly w i t h  surface 
temperature. After s i n t e r i n g ,  the emissivity changes i r revers ib le ly  to  
higher values ( 2 ) .  T h i s  agrees w i t h  measurements of furnace generated 
depos i t s  of American coa ls  carried out by Goetz e t  al .  (6) .  These authors 
r epor t  values between 0.38 and 0.67 for powdery ( i n i t i a l )  deposits, values 
between 0.76 and  0.93 f o r  s in t e red  depos i t s  and values 0.65 and 0.85 for  
glassy and or molten deposits. The increase of emissivity w i t h  sintering and 
fusion i s  due to increased transmission of radiation into the surface of the 
depos i t  l aye r .  In the  range o f  sur face  temperatures of in te res t ,  namely 
between 800 K and 1400 K ,  measured total emissivities on probes of sintered 
real furnace deposits exhibit only s l igh t  variations w i t h  surface temperature 
(51 ,  ( 6 ) .  However, measurements by Becker of spec t r a l  emissivit ies of 
depos i t s  on laboratory prepared probes showed distinctive non-grey behavior. 
For typical flame temperatures of 1700 K and typical surface temperatures of 
1100 K ,  u p  t o  0 . 2  h ighe r  values were found f o r  e m i s s i v i t i e s  than f o r  
absorptivites. Non-greyness of emission and absorption is  typical for glassy 
material  and i s  due to  the low spectral absorptivities a t  short wavelengthes 
which becomes dominant f o r  r ad ia t ive  t r a n s f e r  a t  more e leva ted  flame 
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temperatures.  The assumption o f  g rey  r a d i a t i o n  o f  f u rnace  deposits and 
consequent use of grey emiss i v i t y  values f o r  determination o f  absorption may 
l e a d  t o  e r r o r s  i n  h e a t  t r a n s f e r  c a l c u l a t i o n s  f o r  f u rnaces  w i t h  moderate 
d e p o s i t s  s i n c e  a t  l o w e r  s u r f a c e  temperatures absorpt ion i s  several times 
l a r g e r  than  re -emiss ion .  By p e r f o r m i n g  de ta i l ed  one-dimensional spectral 
calculat ions, Becker showed t h a t  f o r  a 10 m path length, t y p i c a l  o f  furnaces, 
and r e l a t i v e l y  c o o l  w a l l s  e r r o r s  up t o  +30% i n  p r e d i c t e d  n e t  h e a t  f l u x  
d e n s i t i e s  would r e s u l t  f r o m  t h e  assumption t h a t  t h e  d e p o s i t s  were grey. 
However, t hese  f i n d i  ngs a r e  based on spec t ra l  values found f o r  1 aboratory 
prepared probes. Spectral measurements o f  rea l  furnace deposits show reduced 
non-grey behavior ( 5 ) ,  ( 6 )  and higher e m i s s i v i t i e s  than the laboratory  probes 
(6 ) .  Moreover, c o l o r i n g  agents such as unburnt carbon as w e l l  as the rough 
su r face  s t r u c t u r e  o f  r e a l  deposi ts  and tube curvatures tend t o  make b o i l e r  
su r faces  more c l o s e l y  approx imate g rey  behavior. Thus, t he  importance o f  
non -g rey  d e p o s i t s  i s  u n c e r t a i n  i n  b o i l e r  chambers and, i n  any case, 
i n s u f f i c i e n t  i n f o r m a t i o n  i s  avai lab le t o  recomnend rep lac ing  the assumption 
of grey r a d i a t i o n  o f  d e p o s i t s  c u r r e n t l y  used i n  3-D f u rnace  models (see 
Section 4)  by expensive more r igorous spect ra l  models. 

4.0 PREDICTIONS OF INFLUENCE OF WALL OEPOSITS 
ON HEAT TRANSFER I N  EXISTING BOILERS 

On t h e  b a s i s  on t h e  l i t e r a t u r e  values o f  thermal proper t ies discussed 
above a considerable number o f  performance p red ic t i ons  have been c a r r i e d  out  
f o r  e x i s t i n g  b o i l e r  combustion chambers i n  the past two years. Some resu l t s  
o f  those c a l c u l a t i o n s  w i t h  relevance t o  the impact o f  ash deposits on heat 
t r a n s f e r  f o l l o w .  The t o o l  used f o r  the analys is  i s  an extreme f l e x i b l e  3-D 
Monte-Carlo t y p e  zone model ( 7 ) ,  (8). I n  t h i s  model, t he  emissive power o f  
each  vo lume and s u r f a c e  zone i s  d i s t r i b u t e d  i n t o  a d i s c r e t e  number o f  
r a d i a t i v e  beams. Taking m u l t i p l e  r e f l e c t i o n  a t  furnace wa l l s  i n t o  account, 
t h e  beams a r e  t r a c e d  th roughou t  the furnace volume u n t i l  f i n a l  absorption. 
Non-greyness o f  t h e  combust ion produts i s  modeled w i t h  a weighted grey gas 
approach. The r a d i a t i n g  species considered are H20, C02 and pa r t i cu la tes  
( s o o t ,  char and ash). Currently, char and ash p a r t i c l e s  are t rea ted  as grey 
r a d i a t o r s .  The model o f  r a d i a t i v e  exchange i s  d i r e c t l y  coupled w i th  a t o t a l  
heat balance o f  volume and surface (deposi t )  zones w i t h  unknown temperatures. 
The c a l c u l a t i o n  o f  c o n v e c t i v e  h e a t  f l u x e s  through the furnace i s  based on 
mass f l o w  v e c t o r s  a t  t h e  boundary o f  each zone o b t a i n e d  f rom isothermal 
modeling. The h e a t  r e l e a s e  p a t t e r n  i s  based on t h i s  f l o w  f i e l d .  The heat 
r e l e a s e  due t o  v o l a t i l e  combustion i s  based on observed v i s i b l e  flame length 
and t h e  h e a t  r e l e a s e  due t o  bu rnou t  o f  cha r  p a r t i c l e s  i s  ca lcu lated from 
carbon and oxygen ba l  ances solved simultaneously w i  t h  the heat balance. 

Example 1: Tangent ia l ly  Coal-Fired B o i l e r  

This  s t u d y  was c a r r i e d  ou t  t o  i nves t i ga te  the in f luence o f  ash deposits 
i n  a t w i n  furnace o f  a b o i l e r  o r i g i n a l l y  designed t o  f i r e  No. 6 o i l  a t  a net 
thermal  i n p u t  of 1000 MWt.  However, t h e  thermal i n p u t  of the furnace was 
reduced t o  590 MWt t o  i nves t i ga te  the prospects o f  f i r i n g  coal i n  t h i s  un i t .  
The c o a l  c o n s i d e r e d  was a Utah coa l  w i t h  8.8% ash content f i r e d  w i t h  30% 
excess a i r .  F i g u r e  4 shows the zoning o f  the furnace and the  assumed f low 
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I pa t t e rns .  The heat re lease  d u e  t o  combustion i s  indicated by the shaded 
area. The surface conditions were specified by the following i n p u t  data: 

Case A Clean surfaces, emissivity of tubes eW = 0.9 
Case B Powdery ash deposi t ,  = 0.6, As = 0.5mn, k = 0.3 KW/mK 
Case C Properties of ash depos i t  l aye r  i n  upper part of the furnace 

(above hea t - re lease  zone) as specified for Case 6; glassy ash 
deposit  l ayer  i n  lower part of the furnace w i t h  e t  = 0.8, AS = 
7mn, K = 1 10-3 KWImK. 

The properties for the powdery (primary) and for the glassy (molten) deposit 
l ayer  of the  Cases B and C correspond t o  average data from l i t e r a tu re  as 
c i t e d  above. The actual ca l cu la t ions  were c a r r i e d  out w i t h  an effective 
emiss iv i ty  of the t u b e  wal l s  tak ing  the shadow e f fec t  of the gap between 
adjacent tubes i n t o  account. 

Table 1 and Figures 5 through 7 show tha t  the bui ld-up  of ash deposits 
s e r ious ly  a f f e c t s  overall and local heat transfer. The difference (A*) i n  
computed furnace e f f i c i e n c i e s  for the extreme cases, A (clean walls) and C 
(h ighes t  thermal resistance),  i s  6.2 percentage points. The formation of a 
f i r s t  i n i t i a l  deposit  layer (Case B1 has a stronger impact on heat transfer 
than subsequent increase  of depos i t s  i n  the  lower furnace (Case C l .  The 
increase  of the thickness of ash deposit opposite t o  the heat release zone 
d isp laces  the  peak heat f luxes  up into the regions of the thinner deposits 
( F i g .  6 ) .  This i s  one reason why the b u i l d  u p  of depos i t  l aye r s ,  once 
s t a r t e d ,  spreads i n t o  adjacent wall zones. Once the deposit layers begin  
growing, surface temperatures can soon reach values i n  the range between 
sof ten ing  (1400 K )  and fusion temperature (1500 K) as indicated by shaded 
areas i n  Fig. 7. The furnace model is  also able to  predict, fo r  a given coal 
a s h  fusion temperature approximately the  development and extent of molten 
slag layers. 

Another i nves t iga t ion  showed f o r  the same boiler f ired w i t h  COM a t  a 
r a t e  of 875 M W t ,  showed t h a t  a decrease of sur face  emiss iv i ty  from 0.9 
( c l ean )  t o  0.6 ( i n i t i a l  deposit) raised mean furnace ex i t  temperature by 55 
K. 

Example 2 Opposed P.F. Fired Boiler 

This study was ca r r i ed  o u t  i n  order t o  ve r i fy  the 3-D furnace heat 
t r a n s f e r  model w i t h  performance data ava i l ab le  from a coal-fired, boiler 
combustion chamber of 1732 M W t  fuel  hea t  i n p u t .  The coal had a medium 
v o l a t i l e  content, an ash content of 6.6%, and was fired w i t h  28% excess a i r .  

tu rbulen t  components were superimposed on these vectors w i t h  the help of a 
simple model of turbulence. Fig.  8 shows a comparison of the profiles of gas 
temperatures measured and predicted for 100% Load i n  one half of the furnace 
o u t l e t  plane. The difference between predicted and measured values was less  
than 25 K.  The good agreement i s  par t ia l ly  due t o  a reasonable assumption of 
the  e f f e c t i v e  heat conduction coefficient (k/As)eff of the deposit layers. 
F i g .  9 shows how the predicted mean furnace ex i t  temperature varied w i t h  (k/A 

I 
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I In t h i s  case,  the  flow pa t te rn  was based on detailed distribution of mass 
I mean flow v e c t o r s  measured i n  a physical isothermal model. However, 
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s ) e f f  and compares t h o s e  p r e d i c t i o n s  w i t h  two da ta  p o i n t s  obtained f r o m  
measured heat balances o f  the b o i l e r  imnediately a f t e r  soot blowing and 20 h 
a f t e r  s o o t  b l o w i n g .  S i n c e  measurements and  o b s e r v a t i o n s  y i e l d e d  
approximately a 2mn deposi t  layer ,  which could n o t  be removed by soot blowing 
an e f f e c t i v e  thermal conduc t i v i t y  of 3.2 10-3 /mK can be deduced. An assumed 
v a l u e  o f  k = 0.8 10-3 KW/mK f o r  a d r y  p a r t i a l l y  s i n t e r e d  deposi t  would 
suggest t h e  b u i l d - u p  o f  an a d d i t i o n a l  l a y e r  o f  1.5 mm, 20 h a f t e r  soo t  
blowing f o r  a t o t a l  l a y e r  o f  3.5 mn thickness. 

F ig .  9 a l s o  c o n t a i n s  t h e  r e l a t i o n s h i p  o f  Tex = f (k /As)  f o r  a s i m i l a r  
b o i l e r  o f  1250 M W t  h e a t  i n p u t  i n  which s l a g g i n g  and f o u l i n g  problems are 
encountered. F u r t h e r  app l i ca t i ons  o f  the 3-D furnace model w i th  respect t o  
impact o f  wal l  deposits on heat t rans fe r  i n  CWM and COM f i r e d  furnaces may be 
found i n  ( 5 1 ,  (10). 

5.0 CONCLUSIONS 

Thermal c o n d u c t i v i t y  and emiss i v i t y  o f  wa l l  deposits have a considerable 
e f f e c t  on h e a t  t r a n s f e r  i n  l a r g e  b o i l e r s .  T h i s  r e s u l t s  i n  temperature 
d i f f e r e n c e s  o f  f u r n a c e  e x i t  t empera tu res  which i n f l u e n c e  furnace height, 
performance and c o s t s .  More e x a c t  va lues  o f  d e p o s i t  thermal properites, 
wh ich  v a r y  ove r  a wide range o f  temperatures and condit ions, than cu r ren t l y  
a v a i l a b l e  a r e  needed f o r  d e t a i l e d  p r e d i c t i o n  o f  t he  i n i t i a l  formation o f  
d e p o s i t  1 ayers. However, gross c h a r a c t e r i s t i c s  o f  thermal proper t ies can be 
assumed and are s u f f i c i e n t  t o  est imate the  performance o f  furnaces, since the 
model conta ins other  major unce r ta in t i es  such as, thickness and inhomogenous 
d i s t r i b u t i o n  o f  d e p o s i t s  a t  f u rnace  w a l l s  and superheaters .  Th is  i s  
e s p e c i a l l y  t r u e  between s o o t  b l o w i n g  cycles. The 3-D heat- t ransfer  model 
used i n  t h e  p r e s e n t  s t u d y  has t h e  p o t e n t i a l  t o  f o r m  t h e  b a s i s  o f  a more 
comprehensive model o f  slagging and f o u l i n g  because i t  can provide r e l i a b l e  
p r e d i c t i o n s  of f l a m e  and deposi t  temperatures. A model o f  ash t ranspor t  i s  
c u r r e n t l y  b e i n g  c o u p l e d  w i t h  t h e  fu rnace  h e a t  t r a n s f e r  model which w i l l  
account f o r  t ime-temperature h i s t o r i e s  o f  ash and wa l l  c o l l i s i o n s .  
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